grins containing mutations that abrogate talin binding [␤3(L746A) or ␤3(W739A)] exhibited reduced PAC-1 binding (Fig. 4C ). In contrast, point mutations in the ␤3 tail that did not interfere with talin binding did not affect PAC-1 binding. Anti-LIBS6 increased PAC-1 binding to all the mutant integrins, regardless of their ability to bind talin (Fig.  4C) . Similar results were observed for ␣IIb␣6A␤3, ␣IIb␣6B␤3, and ␣IIb␤3 integrins (Fig. 4D) . However, the energy-independent activated state of ␣IIb␣L⌬␤3 was not affected by ␤3 mutations (Fig. 4E) . Thus, talin binding to integrin ␤ tails is required for cellular activation of integrins.
We also generated point mutations within the talin PTB-like domain that reduce binding to ␤3 tails (R358A, W359A, and A360E) and one mutation that does not (K357A) (13, 19) . When expressed in CHO cells, only the wildtype and K357A talin fragments stimulated PAC-1 binding to ␣IIb␤3, whereas talin fragments containing mutations that disrupt integrin binding did not (Fig. 4F) . In all cases, anti-LIBS6 stimulated PAC-1 binding, confirming that ␣IIb␤3 was still expressed and could be activated externally (13) . Thus, talin is required for integrin activation, and mutations within the talin PTB-like domain that prevent integrin ␤ tail binding block its ability to induce integrin activation.
We have established that talin binding to integrin ␤ tails is the final step leading to integrin activation. Regulation of this step, perhaps by phosphorylation (21) , proteolysis (22) , or phosphoinositide binding (23) , may be a final common element in signaling pathways that control integrin activation. Although integrin residues critical for talin binding are localized within the W739 to K748 region, membrane-proximal ␤3 tail residues are also perturbed upon binding of activating fragments of talin (19, 24 ) . Associations between the membrane-proximal regions of ␣ and ␤ tails are thought to prevent integrin activation (3, 9, 24, 25) , and talin binding may induce integrin activation by disrupting their interaction (24 ) . Deletion of the membrane-proximal regions generates integrins that remain activated in the absence of talin or metabolic energy (10) . Therefore, talin-integrin interactions mediate integrin activation, possibly through effects on the membraneproximal regions of integrin ␤ tails. 
Self-Assembly of Proteins into Designed Networks
Philippe Ringler and Georg E. Schulz*
A C 4 -symmetric tetrameric aldolase was used to produce a quadratic network consisting of the enzyme as a rigid four-way connector and stiff streptavidin rods as spacers. Each aldolase subunit was furnished with a His 6 tag for oriented binding to a planar surface and two tethered biotins for binding streptavidin in an oriented manner. The networks were improved by starting with composite units and also by binding to nickel-nitrilotriacetic acid-lipid monolayers. The mesh was adjustable in 5-nanometer increments. The production of a net with switchable mesh was initiated with the use of a calcium ion-containing ␤-helix spacer that denatured on calcium ion depletion.
The production of a designed arrangement of matter at the molecular level is a central goal of contemporary engineering endeavors (1). Besides micropositioning strategies (2, 3) , the materials can also be placed by spontaneous selfassembly processes (4) . Efficient biological self-assembly systems are, for instance, myosin filaments, the large heterocomplex ribosome, bacterial S layers (5), and membranes containing two-dimensional arrays of bacteriorhodopsin (6) or porins (7) . Novel assemblies can be designed and produced with the use of engineered biological building blocks (5, 8 -11) . Molecular assemblies may be desiccated and then viewed by transmission electron microscopy or followed in situ with an atomic force microscope (12, 13) . Here, we report a noncovalent planar network consisting of two biologically unrelated proteins and show how the mesh can be adjusted and also made switchable by varying the Ca 2ϩ concentration. We chose the structurally characterized proteins L-rhamnulose-1-phosphate aldolase (RhuA) and streptavidin as building blocks. RhuA is a C 4 -symmetric tetramer consisting of 274 amino acid residues per subunit (14 ) . It resembles a flattened cube with dimensions of 7 nm by 7 nm by 5 nm. Streptavidin is a D 2 -symmetric tetramer with 159 residues and one biotin-binding site per subunit (15, 16 ) . It forms a brick with dimensions of 6 nm by 5 nm by 4 nm and a pair of biotin-binding sites on each of the two 6-nm-by-4-nm faces (Fig. 1A) . RhuA was fused with a His 6 tag at each of the four C termini protruding from the top face, which was essential for the assembly on a lipid monolayer and for all purification steps.
In (17, 18) . The C126S mutation was necessary for the removal of an interfering thiol. The cysteines were labeled with tethered biotin (18) , giving rise to building block b R carrying eight biotins (Fig.  1A) . The tethers were short enough to prevent streptavidin (S) binding on a corner so that b R acted as a rigid four-way connector, binding block S only at its side faces. In a first self-assembly experiment, equimolar amounts of b R⅐S 4 and b R were mixed in solution. Electron micrographs of the mixture revealed a collection of small planar quadratic nets where the distance between two b R molecules was 13 nm, which is in the expected range for a single streptavidin spacer (Fig. 1D) . However, the network sizes did not exceed 50 nm by 50 nm, as shown in (18) . A small volume of an b R solution was then injected below the surface of the lipid film. After overnight incubation, the lipid monolayer with the interacting proteins was transferred to a carbon grid and negatively stained. The resulting electron micrographs showed patterns that resembled a woven fabric with the expected mesh size (Fig. 2) . The network extended over more than 200 nm, in contrast to the 50-nm patches observed in the lipid-free approach, indicating that the planar monolayer indeed facilitated the formation of the planar network.
The mesh was then extended by incubating the building block b R⅐S 4 with bis-biotin-labeled streptavidin ( bb S) produced as described (18) . The result was analyzed by electron microscopy. Besides large disordered aggregates, we observed a collection of four-unit nets with an b R-tob R distance of 20 nm (Fig. 3A) n and m are 0, 1, 2. ..) so that any unevennumbered streptavidin spacer can be pro- S by washing in a Centricon (Millipore, Bedford, MA) (100 kD cutoff ), the remaining rods were again incubated with a small amount of S, which resulted in a length multiplication (Fig. 3B) . The limited curvature of these rods indicates their stiffness. In turn, stiffness and the scarcity of branching points show that the internal tether of the applied bis-biotin (18) was of an appropriate length. These rods may find application as stiff spacers between any biotin-or streptavidin-labeled compounds. With (Fig. 3C) .
In order to design a protein lattice with a switchable mesh, we selected a Ca 2ϩ -binding ␤-helix fragment of the enzyme serralysin from Serratia marcescens as a spacer (21). We assumed that this spacer would form a 2-nm solid rod with bound Ca 2ϩ and would denature to a 20-nm mobile tether on Ca 2ϩ removal by ethylenediaminetetraacetic acid (EDTA) (Fig. 4A) . The fragment comprised three ␤-helix turns containing five times the characteristic motif GGxGxDxUx, where G is Gly, x is an arbitrary amino acid residue, D is Asp, and U is a large aliphatic residue. The first six residues of the motifs are involved in Ca 2ϩ binding. In principle, this spacer can be infinitely extended by adding further repeats.
The concept was tested with the 998-residue tandem fusion protein PGAL-␤-PGAL consisting of the globular monomeric 468-residue protein 6-phospho-␤-galactosidase (PGAL) (22) and the ␤ helix (17, 18) . The gene was expressed in Escherichia coli and purified as described (22) . The product was analyzed by electron microscopy, showing dumbbell-shaped particles of the expected size that indicated that the spacer was short and presumably contained Ca 2ϩ (Fig. 4B ). After Ca 2ϩ was removed with 10 mM EDTA, the electron micrographs showed pairs of particles at distances from 3 to 13 nm, which agrees with the expected distance distribution of random 20-nm coils (Fig. 4B) . We conclude that EDTA had removed the Ca 2ϩ ions and thus extended the spacer. Such a ␤-helix spacer may be used in future constructions, for instance by replacing the streptavidin linkers in the b R networks described above. The designed planar networks of engineered proteins extend the two-dimensional supramolecular chemistry (23) to the realm of proteins. They follow extensive studies on DNA networks, making use of the recognition property of complementary singlestranded DNA (24) . Compared with DNA, the proteins permit stiffer network elements and stronger associations. However, the strong binding of biotin to streptavidin (K D equals 10 Ϫ15 M) prevents self-healing of irregular lattice points as occurs, for instance, during crystallization processes. This renders network assembly rather sensitive to inhomogeneities of the building blocks, which we experienced with respect to biotin-labeling of the cysteines of b R (18) . Both problems may be ameliorated in future developments. Protein networks are well suited to placing functional proteins such as enzymes or membrane channels at defined relative positions, because such functions can be conveniently added by protein fusions (18) . This may improve contemporary molecular lithography (25) . Moreover, it permits the construction of spatially ordered biochemical teams, which may also include membrane components (26 Cell adhesion by adherens junctions and desmosomes relies on interactions between cadherin molecules. However, the molecular interfaces that define molecular specificity and that mediate adhesion remain controversial. We used electron tomography of plastic sections from neonatal mouse skin to visualize the organization of desmosomes in situ. The resulting three-dimensional maps reveal individual cadherin molecules forming discrete groups and interacting through their tips. Fitting of an x-ray crystal structure for C-cadherin to these maps is consistent with a flexible intermolecular interface mediated by an exchange of amino-terminal tryptophans. This flexibility suggests a novel mechanism for generating both cis and trans interactions and for propagating these adhesive interactions along the junction.
Two major types of intercellular adhesive junctions, desmosomes and adherens junctions, maintain cell shape and tissue integrity. Adherens junctions initiate cell contact and are found as adhesive belts, patches, and puncta between a wide variety of cells (1) (2) (3) . Desmosomes reinforce and sustain adhesion and are particularly prevalent in organs subject to shear stress, such as heart and skin (4) . Both enhance torsional strength by linking to the cytoskeleton. The physiological importance of cellular adhesion is illustrated by genetic and autoimmune diseases associated with various junctional components and by the phenotypes of their genetic knockout in mice. In particular, defects in desmosomal proteins disrupt heart, skin, and hair (4, 5) , whereas those affecting proteins of the adherens junction increase cell proliferation and migration and are thus associated with carcinogenesis and metastasis (6) . Despite a distinct molecular composition, desmosomes and adherens junctions adopt a similar architectural strategy. Both types of junctions use physical associations between members of the cadherin family of calcium-dependent cell adhesion molecules, whose cytoplasmic domains are tethered to the cytoskeleton via an electrondense plaque of intracellular proteins. Desmosomes contain two types of cadherins, desmoglein and desmocollin, whereas adherens junctions comprise a single type of classical cadherin (7, 8) . Desmosomal and classical cadherins belong to the most closely related branches of the cadherin superfamily (9) and are characterized by the presence of five tandem, independently folding extracellular domains (EC1 to EC5) that each contain the highly conserved calcium-binding motifs Asp-XAsp, Leu-Asp-Arg-Glu, and Asp-X-AsnAsp-Asn (10) . The x-ray structures of several classical cadherins (E, N, and C) show that all EC domains adopt a ␤ sandwich related to the immunoglobulin fold, with calcium ions bound to the loops joining individual domains (11, 12) . Desmosomal cadherins are very likely to have analogous structures given their high sequence similarity (13) , including the conserved pattern of Pro, Gly, and hydrophobic residues that define the immunoglobulin fold (14 -16) .
Considerable interest has focused on identifying molecular interfaces that mediate the association of classical cadherins. Mutational studies as well as adhesioninhibitory antibodies and peptides have implicated EC1 domains, in particular Trp 2 and the region of the conserved His-AlaVal (HAV) sequence (17) (18) (19) (20) (21) (22) . X-ray crystallography has shown this N-terminal Trp to insert into a pocket formed by hydrophobic residues in the vicinity of the HAV sequence. In the initial structure, a dimer resulted from an intermolecular exchange of the N-terminal residues, which suggested that Trp 2 mediates the cis adhesive bond (23) . Subsequent structures revealed either a disordered N terminus (12, 24) or the insertion of Trp 2 into its own hydrophobic pocket (25) , which was suggested to induce a conformational change at a distinct adhesion site. The most recent crystal structure, including all five domains of C-cadherin (26) , again showed a symmetric Trp 2 exchange between neighboring molecules, this time mediating a trans or intercellular contact. A number of alternative crystal contacts have also been proposed as adhesion interfaces, but no consensus has emerged for their physiological relevance. 
